for further molecular analysis, we capitalized on the into the right ventral blastomere randomizes asymmehighly specific and well-characterized pharmacological try. In chick embryos, R3 and R4 activity is upstream of reagents developed in neuroscience [19, 20]. Following the asymmetry of Sonic hedgehog expression. MAO is the strategy recently used to identify electrogenic asymmetrically expressed in the node. genes involved in asymmetry [5], we performed a drug Conclusions: Serotonin is present in very early chick screen examining known elements of the serotonin and frog embryos. 5-HT pathway function is required pathway in Xenopus. Batches of over 100 Xenopus emfor normal asymmetry and is upstream of asymmetric bryos were exposed to various drug inhibitors (at low gene expression. The microinjection data reveal asymmicromolar concentrations; see Table S1 available with metry existing in frog embryos by the 4-cell stage and this article online) between fertilization and stage 12; suggest novel intracellular 5-HT mechanisms. These they were then washed and allowed to develop to stage functional and localization data identify a novel role for 45, and reversals of the situs of the heart, gut, or gall the neurotransmitter serotonin and implicate prenerbladder ( Figure 1A) were scored. The detailed data and vous serotonergic signaling as an obligate aspect of statistical analyses are presented in the Tables S2-S6  very 
Figure 1. Pharmacological Screen Implicates Serotonergic Signaling in LR Asymmetry
(A-C) Control embryos exposed to drug vehicle alone exhibited the normal invariant asymmetry of the heart, gut, and gall bladder. Heterotaxic embryos exhibited independent randomization of laterality of the three organs; the embryo in (B) exhibits reversal of all three, whereas the embryo in (C) has reversal of the heart alone. Red arrowheads indicate apex of heart; yellow arrowheads indicate apex of gut; green arrowheads indicate gall bladder. (D) Pharmacological blockers targeting 5-HT receptor types R1-R7 were applied to batches of embryos from fertilization to stage 12. Only blockers of R3 and R4 induced heterotaxia (statistical analysis is presented in Tables S2-S6 Figure 1D ). Interestingly, R3 blockers induced mostly complete reversals (e.g., situs inversus in (15%-26%), right-sided ( Figure 2D ) (6%-10%), and absent ( Figure 2E ) (7%-15%) XNR-1 expression were 90% of the embryos affected by LY-278,58 treatment). We next confirmed these findings with several other observed. The downstream marker Xlefty [22] was significantly affected as well (Table S9 ). These data demcompounds that block R3 and R4 by different mechanisms ( Figure 1E ). These loss-of-function data implicate onstrate that the serotonin signaling pathway functions upstream of the asymmetric gene cascade as known serotonin receptors of the R3 and R4 subtype in the establishment of LR asymmetry in Xenopus. We next in Xenopus. Figure S2 ), whereas injection veloping nervous system. These data confirm that endogenous serotonin is indeed present in frog embryos into the other blastomeres had a much smaller effect (versus 4% for left dorsal, p = 0.087). Inhibition of R3 in long prior to the appearance of neurons and that, consistent with the lack of randomization by inhibition of the right ventral blastomere and its descendants induced complete situs inversus in the majority of the 5-HT synthesis, the serotonin in the embryo is of maternal origin.
affected embryos (61%-69%). To test inhibition of the intracellular activity of 5-HT through a mechanism indeWe next sought to determine the developmental stage during which 5-HT signaling acts (see Table S7 To test the role of R3 in a molecular gain-of-function specificity is described in detail in [33] . The data below represent consensus patterns observed from sections experiment, we overexpressed R3 throughout the embryo (injecting mRNA [32] immediately after fertilizaof at least ten embryos at each stage. We detected serotonin signal in eggs prior to fertilization). Embryos in which R3 mRNA was ubiquitously overexpressed exhibited a 26% (n = 108, p = 2.0 , tion ( Figure 3A ). Between fertilization and the first two cleavages, serotonin was radially symmetrically local-10 −24 ) incidence of laterality defects, 57% of which were complete situs inversus. We next tested the conized within the vegetal portion of the blastomeres ( 
